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ST-246 is a low-molecular-weight compound (molecular weight � 376), that is potent (concentration that
inhibited virus replication by 50% � 0.010 �M), selective (concentration of compound that inhibited cell
viability by 50% � >40 �M), and active against multiple orthopoxviruses, including vaccinia, monkeypox,
camelpox, cowpox, ectromelia (mousepox), and variola viruses. Cowpox virus variants selected in cell culture
for resistance to ST-246 were found to have a single amino acid change in the V061 gene. Reengineering this
change back into the wild-type cowpox virus genome conferred resistance to ST-246, suggesting that V061 is the
target of ST-246 antiviral activity. The cowpox virus V061 gene is homologous to vaccinia virus F13L, which
encodes a major envelope protein (p37) required for production of extracellular virus. In cell culture, ST-246
inhibited plaque formation and virus-induced cytopathic effects. In single-cycle growth assays, ST-246 reduced
extracellular virus formation by 10 fold relative to untreated controls, while having little effect on the
production of intracellular virus. In vivo oral administration of ST-246 protected BALB/c mice from lethal
infection, following intranasal inoculation with 10� 50% lethal dose (LD50) of vaccinia virus strain IHD-J.
ST-246-treated mice that survived infection acquired protective immunity and were resistant to subsequent
challenge with a lethal dose (10� LD50) of vaccinia virus. Orally administered ST-246 also protected A/NCr
mice from lethal infection, following intranasal inoculation with 40,000� LD50 of ectromelia virus. Infectious
virus titers at day 8 postinfection in liver, spleen, and lung from ST-246-treated animals were below the limits
of detection (<10 PFU/ml). In contrast, mean virus titers in liver, spleen, and lung tissues from placebo-treated
mice were 6.2 � 107, 5.2 � 107, and 1.8 � 105 PFU/ml, respectively. Finally, oral administration of ST-246
inhibited vaccinia virus-induced tail lesions in Naval Medical Research Institute mice inoculated via the tail
vein. Taken together, these results validate F13L as an antiviral target and demonstrate that an inhibitor of
extracellular virus formation can protect mice from orthopoxvirus-induced disease.

Recent concerns over the use of variola (smallpox) virus as
a biological weapon have prompted renewed interest in devel-
opment of small molecule therapeutics that target variola virus
replication. Currently, there is no U.S. Food and Drug Admin-
istration-approved drug for the prevention or treatment of
smallpox infection. While a number of compounds have been
shown to inhibit orthopoxvirus replication in vitro, these com-
pounds often lack potency and/or are associated with signifi-

cant adverse effects, due to their relative nonspecific mecha-
nisms of virus inhibition (3).

The cornerstone of the current national public health re-
sponse plan to a smallpox bioterrorist attack calls for rapid
mass immunization with vaccinia virus. However, concerns
about vaccine-related adverse events have compromised im-
plementation of a smallpox immunization program. Individu-
als with immunodeficiency disorders or certain common skin
conditions are unusually susceptible to vaccine-related compli-
cations (6, 32). Moreover, the lag period for antibody forma-
tion from a vaccine leaves a window of vulnerability. Antiviral
therapies can fill this void and provide an excellent comple-
ment to vaccination in that they reduce virus titers quickly,
regardless of immune status, and lower transmission rates by
diminishing the virus reservoir. A small-molecule antiviral drug
designed to treat variola virus infection will be a critical com-
ponent to a smallpox defense strategy.

Currently, only cidofovir [CDV; (S)-1-(3-hydroxy-2-phos-
phonylmethoxypropyl)cytosine; Vistide], a drug approved for
treatment of cytomegalovirus (CMV) retinitis in AIDS pa-
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tients, is permitted for use as emergency treatment in the case
of a smallpox outbreak (25). CDV, a nucleoside analog, exhib-
its activity in cell culture against a number of DNA-containing
viruses including adenoviruses, herpesviruses, hepadnaviruses,
polyomaviruses, papillomaviruses, and orthopoxviruses (7, 9,
10, 26, 36). The 5�-diphosphorylated metabolite of CDV is
recognized by viral DNA polymerases and acts as a DNA chain
terminator to inhibit virus replication (39). CDV has been
shown to be active against orthopoxvirus infection in normal
and immunodeficient mice (26, 27, 30).

CDV has well-established shortcomings that may limit the
utility of this compound as an antipoxvirus therapeutic. CDV is
not orally bioavailable and must be administered intrave-
nously, with dose-limiting nephrotoxicity that can be managed
by hydration therapy and probenicid (25). Prodrugs and aero-
solized forms of CDV are being investigated in the hope of
addressing these shortcomings (1). Alkoxyalkyl analogs of
CDV, such as 1-O-hexa-decyloxypropyl-CDV, have been re-
ported to possess 100-fold improved orthopoxvirus antiviral
potency over the unmodified nucleosides in cell culture (1).
1-O-Hexadecyloxypropyl-CDV is also orally bioavailable and is
active in a lethal cowpox virus infection in mice (31). While
these analogs may make CDV dosing more manageable, their
toxicological profile and efficacy remain to be fully established.

A number of other drugs developed for unrelated indica-
tions have been shown to possess antiorthopoxvirus activity in
vitro (3, 23). Most are nucleoside analogs and act by interfering
with DNA polymerase activities; they thus may exhibit cross
resistance with CDV. While continued development of these
compounds as potential treatments for smallpox virus infection
is important, the Institute of Medicine of the National Acad-
emies has recommended that at least two antiviral compounds
that work by distinct mechanisms be stockpiled as a defense
against a possible smallpox outbreak (25a). Thus, new com-
pounds that act by mechanisms distinct from that of CDV are
needed.

We have discovered a potent and specific inhibitor of orthopox-
virus replication, ST-246 {4-trifluoromethyl-N-(3,3a,4,4a,5,5a,
6,6a-octahydro-1,3-dioxo-4,6-ethenocycloprop[f]isoindol-2(1H)-yl)-
benzamide}, which is active against multiple species of or-
thopoxviruses, including two strains of variola virus and a
CDV-resistant cowpox virus variant. Resistance mapping stud-
ies indicate that ST-246 targets the cowpox virus V061 gene,
which encodes a major envelope protein homologous to the
vaccinia virus F13L gene product. Vaccinia virus F13L encodes
a 37-kDa palmitylated peripheral membrane protein required
for extracellular virus particle formation (16, 17, 19, 21). The
protein participates in the envelopment of intracellular mature
virus (IMV) particles in virus-modified membranes derived
from the trans-Golgi or early-endosome compartments to pro-
duce an egress-competent form of virus particle (4). Oral ad-
ministration of ST-246 in mice at 100 mg/kg of body weight/day
for 14 days was tolerated and resulted in plasma concentra-
tions of �4,000 fold above the in vitro concentration that
inhibited virus replication by 50% (EC50) at 2 h postadminis-
tration. Moreover, oral delivery of ST-246 protected mice from
lethal orthopoxvirus challenge and prevented vaccinia virus-
induced disease. Taken together, these results establish F13L
(p37) as a valid antiviral target and demonstrate that an inhib-

itor of extracellular virus formation can protect mice from
lethal orthopoxvirus infection.

MATERIALS AND METHODS

Cells and viruses. Vero (CCL-81), BSC-40 (CRL-2761), and SIRC (CCL-60)
cell lines were purchased from American Type Culture Collection (ATCC).
Ectromelia virus strain Moscow, vaccinia virus strain IHD-J, cowpox virus strain
Brighton Red, and a cowpox virus variant derived from the Brighton Red strain
that exhibited reduced susceptibility to CDV (designated CPX CDVr) have been
described previously (3, 8, 15). Shope fibroma virus (SFV) strain Kasza (VR-364)
and vaccinia virus strain NYCBH (VR-1536) were purchased from ATCC. Mon-
keypox strain Zaire, camelpox, and variola virus strain Bangladesh and strain
Butler were propagated at the U.S. Army Medical Research Institute for Infec-
tious Diseases or at the Centers for Disease Control and Prevention, Atlanta,
GA. SFV was propagated on SIRC cultures, while all other virus stocks were
propagated on BSC-40 or Vero cell cultures. Cell cultures were grown at 37°C in
a humid incubator containing 5% CO2 in Dulbecco’s modified minimal essential
medium containing 2 mM L-glutamine, 100 units/ml penicillin, 100 �g/ml strep-
tomycin, and 5% fetal bovine serum (FBS; Invitrogen).

Animals. Female A/NCr mice 4 to 6 weeks of age and weighing 12 to 20 g each
were obtained from the National Cancer Institute, Frederick, Md., and were
used in experiments conducted with ectromelia virus. Naval Medical Research
Institute (NMRI) mice (Harlan) and BALB/c mice 4 to 6 weeks of age and
weighing 15 to 20 g each were used in experiments conducted with vaccinia virus.
All animals were housed in filter-top microisolator cages and fed commercial
mouse chow and water ad libitum. Pharmacokinetic and tolerability assessments
were conducted with female BALB/c mice. Animal husbandry and experimental
procedures were in accordance with U.S. Public Health Service policy and were
approved by the Institutional Animal Care and Use Committee or by the Ethical
Committee on Vertebrate Animal Experiments of the University of Leuven.

HTS. A high-throughput screening (HTS) format was used to evaluate com-
pounds for their ability to inhibit vaccinia virus-induced cytopathic effect (CPE).
The HTS consisted of Vero cell monolayers seeded in 96-well plates (104 cells
per well) that were infected with vaccinia virus at approximately 0.1 PFU per cell.
At 3 days postinfection, the cultures were fixed with 5% glutaraldehyde and
stained with 0.1% crystal violet in 5% methanol. Virus-induced CPE was quan-
tified spectrophotometrically by absorbance at 570 nm.

The signal-to-noise ratio of the 96-well assay and well-to-well and assay-to-
assay variability were evaluated in six independent experiments. The signal-to-
noise ratio (ratio of signal of cell control wells [signal] to virus control wells
[noise]) was 9.2 � 1.8. The well-to-well and assay-to-assay variability was �20%.
Using this assay, the EC50s for CDV and phosphonoacetic acid were determined
to be 84 � 15 �M and 985 � 85 �M, respectively. These values were within the
range of published values for these compounds (24, 37).

The HTS assay was used to evaluate 356,240 compounds for their ability to
inhibit vaccinia virus-induced CPE. Compounds were dissolved in dimethyl sul-
foxide (DMSO) and diluted in medium such that the final concentration in each
well was 5 �M compound and 0.5% DMSO. The compounds were added ro-
botically to the culture medium using the Biomek FX robot system. Following
compound addition, the cultures were infected with vaccinia virus. After 3 days,
plates were processed and CPE was quantified. Compounds were scored as “hits”
if they inhibited vaccinia virus-induced CPE by �50% at the test concentration
(5 �M). Based on this definition, 759 compounds tested positive for inhibition,
giving a hit rate of approximately 0.2%.

Antiviral compounds. ST-246 was synthesized by ViroPharma, Inc., Exton, PA.
ST-246 was dissolved at 10 mM in DMSO and further diluted in tissue culture
medium to achieve final concentrations for in vitro experiments. For oral (p.o.)
dosing, ST-246 was suspended in aqueous 0.75% methylcellulose (Sigma) con-
taining 1% Tween 80 (Sigma). For intravenous (i.v.) dosing, ST-246 was solubi-
lized in aqueous 50% polyethylene glycol, 20% methanol, and 1% Tween 80.
CDV was purchased from a retail pharmacy and diluted in sterile, distilled water
or phosphate-buffered saline (PBS).

Inhibitory potency. Vero cell monolayers were seeded in 96-well plates (104

cells per well). Dose-response curves were generated by measuring virus-induced
cytopathic effects in the presence of a range of compound concentrations. Eight
compound concentrations (5, 1.5, 0.5, 0.15, 0.05, 0.015, 0.005, and 0.0015 �M)
were used to generate inhibition curves suitable for calculating the EC50 from
virus-induced CPEs. Compound dilutions were prepared in DMSO prior to
addition to the cell culture medium. The final DMSO concentration in all samples
was 0.5%. Cell monolayers were infected with selected orthopoxviruses at the cell
culture infectious dose that caused a 90% cytopathic effect at 3 days postinfec-
tion. This dose of virus was approximately 0.05 PFU/cell. At 3 days postinfection,
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the assay was terminated by fixing the cells in a 5% glutaraldehyde solution; the
level of CPE was visualized by staining the monolayers with 0.1% crystal violet.
Virus-induced cytopathic effects were quantified by measuring absorbance at 570
nm. EC50s were calculated by fitting the data to a four-parameter logistic model
(variable-slope, nonlinear regression model) to generate a dose-response curve
using XLfit 4.1 (IBDS, Emeryville, CA). The linear correlation coefficient
squared (R2) for fitting data to this model was typically �0.97. From this curve,
the concentration of compound that inhibited virus-induced CPE by 50% was
calculated.

Cytotoxicity assay. Cytotoxicity was determined by measuring mitochondrial
dehydrogenase activity in dividing cells by the MTT [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay (17).
Subconfluent monolayers of Vero cells were incubated in the presence of in-
creasing concentrations of compound. Eight compound concentrations (50, 15,
5.0, 1.5, 0.5, 0.15, 0.05, and 0.015 �M) were used to generate inhibition curves
suitable for calculating the cytotoxic concentration of compound that inhibited
cell viability by 50% (CC50). At 72 h after the addition of compound, medium
containing 0.5-mg/ml MTT was added to the cultures and incubated for 90 min
at 37°C to form an insoluble formazan product caused by reduction of the
tetrazolium salt by mitochondrial dehydrogenase (17). The formazan product
was solubilized in a solution containing 0.004 N HCl in isopropanol and was
quantified by measuring absorbance at 490 nm. The concentration of compound
that inhibited the MTT assay signal by 50% (i.e., CC50) was calculated by fitting
the absorbance data to a four-parameter logistic model (variable-slope, nonlin-
ear regression model) to generate a dose-response curve.

Antiviral specificity. Herpes simplex virus type 1 (HSV-1; strain KOS), CMV
(strain AD-169), respiratory syncytial virus (RSV; strain A), rotavirus, Rift Val-
ley fever virus (RFV; strain MP12), Tacaribe virus (strain TRVL 11573), lym-
phocytic choriomeningitis virus (LCMV; strain Armstrong E350), and bovine
viral diarrhea virus (strain NADL) were obtained from the ATCC. All assays
were carried out in the appropriate medium containing 3% heat-inactivated FBS.
Ninety-six-well cell culture plates were seeded 24 h prior to use with 1.5 � 104

(Vero), 2.0 � 104 (MDBK), 2.2 � 104 (HEp-2), or 4.5 � 104 (MRC-5) cells per
well. Cells were infected at the cell culture infectious dose causing 90% cyto-
pathic effects at 3 days postinfection for HSV-1, RSV, rotavirus, RFV, Tacaribe,
and bovine viral diarrhea virus or at titers that generated an enzyme-linked
immunosorbent assay (ELISA) signal of 2.5 for CMV and LCMV at the end of
the respective incubation periods. Compound was added to duplicate wells of
cells at final concentrations of 50, 25, 12.5, 6.3, 3.1, 1.6, 0.8, and 0 �M. The final
concentration of DMSO in the assays was 0.5%. As controls, uninfected cells and
cells receiving virus without compound were included on each assay plate. In
addition, reference agents, when available, were included on each assay plate:
ganciclovir (Sigma) for HSV-1 and CMV and ribavirin (Sigma) for LCMV and
RSV. At the end of the incubation period (3 days for HSV-1, rotavirus, RFV,
tacaribe virus, and LCMV; and 4 days for CMV and RSV) virus-infected cells
were processed for crystal violet staining (cytopathic effect assay) or ELISA by
standard techniques. LCMV- and CMV-specific ELISAs were carried out using
a 1:20 dilution of mouse monoclonal antibody raised against LCMV nuclear
protein (a generous gift of Juan Carlos de la Torre, The Scripps Research
Institute, La Jolla, Calif.) and a 1:200 dilution of CMV-specific cocktail of
monoclonal antibodies generated from protein 52 and unique long gene 44
products (Dako), respectively. Goat anti-mouse horseradish peroxidase-conju-
gated monoclonal antibody (Bio-Rad) at a 1:4,000 dilution for LCMV and at a
1:400 dilution for CMV was used as the secondary antibody for both ELISAs.

Virus yield assay. Viral replication kinetics were measured with BSC-40 mono-
layers seeded in 24-well plates (2 �105 cells per well) that were infected with 2
PFU/cell of vaccinia virus strain IHD-J. After a 1-h absorption period, the
inoculum was removed, and the cultures were washed with 1 ml of 1� PBS
supplemented with 1% FBS. The cultures were incubated in 0.5 ml medium in
the presence and absence of 5 �M ST-246; at 3-h intervals for up to 24 h
postinfection, the infected cell medium was removed and stored at �80°C, and
the cells were scraped into 0.5 ml of 1� PBS supplemented with 1% FBS and
stored at �80°C. The cells were thawed at 37°C, and intracellular virus was
released by sonication at 20% power for 40 s at 0°C using a 550 Sonic Dismem-
brator (Fisher Scientific). The cell debris was removed by centrifugation at 300 �
g for 5 min at 4°C. The virus titer in the culture medium (extracellular virus) and
cell-associated fraction (intracellular virus) were measured by plaque assay on
BSC-40 monolayers.

ST-246-resistant virus isolation. Cowpox virus variants with reduced suscep-
tibility to ST-246 were isolated by plating 107 PFU of wild-type cowpox virus on
Vero cell monolayers in the presence of 10 �M ST-246 and isolating virus from
plaques that formed at 3 days postinfection. Virus isolates exhibiting reduced
susceptibility to ST-246 were plaque purified three times in the presence of

compound prior to large-scale stock preparation. The EC50 of the resistant
variant was shifted from 0.01 �M for wild-type virus-infected cells to �40 �M for
the ST-246-resistant variants. This shift in EC50 generated a selective index (SI)
value of 1, indicating that the EC50 for the compound-resistant variant was equal
to the CC50.

Marker rescue. Marker rescue techniques were used to map the genetic locus
that correlated with reduced susceptibility to ST-246 (41). Overlapping DNA
fragments (10 to 15 kb in length with 0.2- to 3-kb overlap) that span the entire
length of the ST-246-resistant viral genome were generated by PCR using 17 sets
of primers. PCR was performed using the Expand Hi Fidelity system (Roche
Diagnostics, Inc.). Reaction mixtures contained 80 ng of cowpox genomic DNA;
1� buffer; 200 �M dATP, dCTP, dGTP, and dTTP; 300 nM each primer; and 3.5
units of enzyme per reaction mixture. The reaction mixtures were incubated for
1 cycle at 94°C for 1 min; for 10 cycles, each consisting of 94°C for 1 min, 54°C
for 1 min, and 68°C for 12 min; and for 20 cycles, each consisting of 94°C for 1
min, 54°C for 1 min, and 68°C for 12 min, with an additional 5 s added to each
cycle. This was followed by incubation at 4°C.

Individual gel-purified PCR DNA products (0.7 �g) were cotransfected with
full-length wild-type cowpox viral DNA (1 �g) into BGMK cells seeded at 2 �
105 cells per 35-mm-diameter dish infected 1 h prior to transfection with 2
PFU/cell of SFV. The function of SFV is to provide the necessary transacting
factors to initiate replication of the transfected cowpox virus DNA. Transfections
were performed using Lipofectamine 2000 and OptiMEM (Invitrogen) accord-
ing to the manufacturer’s recommendations. At 3 days posttransfection, progeny
virus was plated onto BSC-40 cells in the presence and absence of 10 �M ST-246
compound. BSC-40 cells are permissive for cowpox virus infection but not for
SFV infection. Thus, only cowpox virus produced from the transfection will form
plaques on BSC-40 monolayers, and only recombinants that contain the resistant
gene will form plaques in the presence of drug selection. PCR DNA products
that increased the plaque number in the presence of ST-246 relative to nonspe-
cific DNA controls were considered positive for rescue of the resistant pheno-
type.

Pharmacokinetic analyses. ST-246 was formulated for p.o. dosing of mice,
with an aqueous suspension in 0.75% methyl cellulose containing 1% Tween 80.
ST-246 concentrations were measured with plasma harvested from blood col-
lected from mice at approximately 0.5, 1, 2, 4, 6, 8, 12, and 24 h after dosing.
Compound concentrations were measured by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) using a Quatro Micro LC-MS/MS instrument.
LC was performed with a Phenomenex Luna C18 column (3-�m particle size; 100
mm by 2 mm) at a flow rate of 0.2 ml/min with a mobile phase containing 80%
acetonitrile, 19.7% water, and 0.3% acetic acid. WINNONLIN (Pharsight, Inc.)
was used to estimate pharmacokinetic values.

RESULTS

Identification of ST-246. A HTS assay was developed to
quantify vaccinia and cowpox virus-induced CPE in Vero cell
cultures. This CPE-based assay was used to evaluate 356,240
low-molecular-weight compounds (molecular weight, �500)
for their ability to inhibit orthopoxvirus-induced CPE. Com-
pounds that inhibited virus-induced CPE by �50% relative to
untreated virus controls at a compound concentration of 5 �M
were evaluated further. The current lead compound, ST-246,
was selected from a group of analogs that were synthesized as
part of a chemical optimization program designed to improve
potency and metabolic stability of an initial hit from the HTS
(Fig. 1).

ST-246 antiviral potency, selectivity, and spectrum of activ-
ity. The antiviral potency and selectivity of ST-246 was mea-
sured in CPE assays against a panel of DNA- and RNA-
containing viruses. In these assays, the EC50 for inhibition of
vaccinia virus was determined to be 0.01 �M, while the EC50

values for inhibition of unrelated viruses were �40 �M (Table
1). These results demonstrate that ST-246 is a potent and
specific inhibitor of poxvirus replication in cell culture.

The antiviral effect exerted by ST-246 was not due to cyto-
toxicity, since ST-246 had no measurable effect on cell viability
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in cytotoxicity assays. The compound concentration that inhib-
ited uninfected Vero cell proliferation by 50% (CC50) was �40
�M, which was above the solubility limit for this compound in
tissue culture medium. This resulted in an SI of �4,000 (SI 	
CC50/EC50). For comparison, the SI for CDV evaluated in
parallel was approximately 5 (CC50 	 400 �M/EC50 	 80 �M).
Thus, relative to CDV, ST-246 was �8,000-fold-more potent in
CPE-based assays (Fig. 2).

ST-246 exhibited potent antiviral activity against a broad
spectrum of orthopoxviruses in CPE assays (Table 1). The
EC50 values for inhibition of viral replication ranged from 0.01
�M for vaccinia virus to 0.07 �M for ectromelia virus and were
dependent on the species of orthopoxvirus tested. ST-246 was
also active against a CDV-resistant (CDVr) cowpox virus
(EC50 	 0.05 �M), suggesting that the mechanism by which
ST-246 inhibits virus replication is distinct from that of CDV.
Importantly, ST-246 was found to be active against two strains
of variola virus (Table 1). This result validates the use of
vaccinia and cowpox viruses as surrogates for variola virus.
Taken together, these results demonstrate that ST-246 is a

potent and specific inhibitor of orthopoxvirus replication that
is active against a broad spectrum of orthopoxviruses.

ST-246 inhibits plaque formation. To begin to understand
the antiviral mechanism of action of ST-246, the effects of
compound on virus plaque formation were measured. Vero
cell monolayers were infected with cowpox virus at different
multiplicities of infection in the presence and absence of ST-
246; plaque formation and virus-induced CPE were measured
at 3 days postinfection. In the presence of ST-246, plaque
formation and virus-induced CPE were completely inhibited
(Fig. 3). In contrast, in the absence of ST-246, plaques were
readily visible on cell monolayers infected with cowpox virus at
0.0001 or 0.001 PFU/cell, and complete CPE were observed on

FIG. 1. Chemical structure of ST-246.

FIG. 2. A comparison of antiviral potency of ST-246 and CDV in
Vero cell culture. Vero cells were incubated with increasing concen-
trations of ST-246 or CDV and infected with vaccinia virus strain
NYCBH at 0.05 PFU/cell. The cultures were fixed and stained with
crystal violet at 3 days postinfection. The extent of virus-induced CPE
was quantified by measuring absorbance at 470 nm. The percent inhi-
bition was calculated relative to untreated infected and mock-infected
controls.

TABLE 1. ST-246 antiviral spectrum of activity and selectivity

Virus (strain) Family Classification EC50 (�M)a

Vaccinia virus (NYCBH) Orthopoxviridae Double-stranded DNA 0.01
Variola virus (Butler) Orthopoxviridae Double-stranded DNA 0.02
Variola virus (Bangladesh) Orthopoxviridae Double-stranded DNA 0.05
Cowpox virus (Brighton Red) Orthopoxviridae Double-stranded DNA 0.05
Ectromelia virus (Moscow) Orthopoxviridae Double-stranded DNA 0.07
Monkeypox virus (Zaire) Orthopoxviridae Double-stranded DNA 0.01
Camelpox virus Orthopoxviridae Double-stranded DNA 0.01

Herpes simplex virus type 1 Herpesviridae Double-stranded DNA �40
Cytomegalovirus Herpesviridae Double-stranded DNA �40
Respiratory syncytial virus Paramyxoviridae Negative single-strand RNA �40
Rotavirus Reoviridae Double-stranded RNA �40
Bovine viral diarrhea virus Flaviviridae Positive single-strand RNA �40
Rift Valley fever virus Bunyaviridae Negative single-strand RNA �40
Tacaribe virus Arenaviridae Ambisense RNA �40
Lymphocytic choriomenigitis virus Arenaviridae Ambisense RNA �40

a EC50 values are the averages of at least two independent determinations.
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cell monolayers infected with cowpox virus at 0.01 PFU/cell
(Fig. 3). These results suggest that ST-246 inhibits orthopox-
virus plaque formation and virus-induced CPE.

ST-246 inhibits extracellular virus production. The ability
of ST-246 to inhibit plaque formation suggests that ST-246 can
also inhibit virus replication. To determine the effects of ST-
246 on virus replication, virus yield assays were conducted to
measure the amount of intracellular and extracellular virus
produced in the presence and absence of compound. BSC-40
cells were infected with 2 PFU/cell of vaccinia virus and incu-
bated in the presence and absence of 5 �M ST-246. At selected
times postinfection, extracellular virus in the medium and cell-
associated virus were quantified by plaque assay. The results
show that ST-246 reduced extracellular virus titers by approx-
imately 10 fold at 24 h postinfection, while having little effect
on the level of intracellular virus titers relative to untreated

controls (Fig. 4). These results suggest that ST-246 inhibits
extracellular virus formation.

Isolation of drug-resistant virus variants. Isolation of virus
variants that are resistant to the inhibitory effects of a com-
pound constitutes strong evidence that the compound is acting
by a true antiviral mechanism and not on a cellular target.
Drug-resistant virus variants are also useful tools to elucidate
the mechanism of action of antiviral compounds. Drug-resis-
tant virus variants were isolated from a wild-type cowpox virus
stock by plating 107 PFU of cowpox virus on Vero cell mono-
layers in the presence of 10 �M ST-246. Virus isolated from
plaques that formed at 3 days postinfection were plaque puri-
fied in the presence of compound prior to further character-
ization.

To determine the level of susceptibility to ST-246, the plat-
ing efficiency of the resistant variant was measured on Vero
cell monolayers infected at different multiplicities of infection
in the presence and absence of 10 �M ST-246, and plaque
formation and virus-induced cytopathic effects was measured
at 3 days postinfection. The results show that the ST-246-
resistant variant formed plaques in the presence of 10 �M
ST-246 at multiplicities of infection of 0.001 and 0.0001 PFU/
cell and at high multiplicities (0.01 PFU/cell) produced com-
plete cytopathic effects (Fig. 5). The plaque size and extent of
virus-induced CPE were similar in the presence and absence of
compound and equivalent to that of wild-type virus in the
absence of compound (Fig. 3). The EC50 for inhibition of the
resistant variant (�40 �M) was more than 800-fold higher than
the EC50 for inhibition of wild-type cowpox virus (0.050 �M).
This shift in EC50 generated an SI of 1, indicating that the EC50

for the drug-resistant variant was equal to the CC50. The ST-
246-resistant variant was not cross resistant to CDV, indicating
that ST-246 likely inhibits a viral target different from that of
CDV (data not shown).

ST-246 resistance maps to the cowpox virus V061 gene.
Marker rescue techniques were used to map the genetic locus
that conferred reduced susceptibility to ST-246 (41). Overlap-
ping DNA fragments (8 to 15 kb) that spanned the entire
length of the ST-246-resistant viral genome were generated by
PCR. Individual gel-purified PCR fragments were cotrans-
fected with full-length wild-type cowpox viral DNA into

FIG. 3. Plaque formation of wild-type cowpox virus in the presence
and absence of ST-246. Vero cell monolayers (106 cells/well) were
infected with cowpox virus at 0.0001, 0.001, and 0.01 PFU/cell in the
presence and absence of 5 �M ST-246. At 3 days postinfection, the
cultures were fixed in 5% glutaraldehyde and stained with crystal
violet.

FIG. 4. The effects of ST-246 on production of intracellular and
extracellular virus. BSC-40 cells were infected with 2 PFU/cell of vac-
cinia virus strain IHD-J in the presence and absence of 5 �M ST-246.
At 3-h intervals for 24 h postinfection, the cultures were harvested and
separated into extracellular and intracellular virus fractions. The virus
titers in each fraction were measured by plaque assay of BSC-40 cell
monolayers. The error bars represent the standard deviation of the
means of triplicate virus yield determinations.

FIG. 5. Plaque formation of an ST-246-resistant cowpox virus vari-
ant in the presence and absence of ST-246. Vero cell monolayers (106

cells/well) were infected with a cowpox virus variant that exhibited
reduced susceptibility to ST-246 at 0.0001, 0.001, and 0.01 PFU/cell in
the presence and absence of 5 �M ST-246. At 3 days postinfection, the
cultures were fixed in 5% glutaraldehyde and stained with crystal
violet.
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BGMK cells that were infected with SFV. Cowpox virus re-
combinants were detected by plating progeny virus from the
transfection onto BSC-40 cells in the presence and absence of
inhibitor compound. Using this marker rescue procedure, the
resistance phenotype was mapped to a PCR fragment that
spanned nucleotide positions bp 57353 to 58630 that contained
the coding sequence for the cowpox virus V061 gene. Sequence
analysis of the ST-246-resistant allele identified a single base
change, resulting in a glycine residue being replaced by cys-
teine at amino acid position 277 in the protein. This change
was reengineered back into wild-type cowpox and vaccinia
virus genomes, and the resulting recombinants were found to
be resistant to ST-246. These results suggest that the cowpox
virus V061 gene product is the target of ST-246. The cowpox
virus V061 gene is homologous to the vaccinia virus F13L gene,
which encodes a major envelope protein required for the for-
mation of extracellular virus (4).

Pharmacokinetic analyses and tolerability. Prior to con-
ducting animal efficacy evaluations, preliminary studies were
conducted with mice to characterize plasma ST-246 concen-
trations and to assess compound tolerability. Oral administra-
tion of ST-246 at 30 and 100 mg/kg/day with mice generated
peak plasma compound concentrations of 32.5 and 62.2 �g/ml,
respectively (Table 2). This ST-246 concentration was greater
than �4,000-fold above the in vitro EC50 of 0.05 �M (0.014
�g/ml). The area under the plasma concentration-time curve
(AUC) and elimination half-life (t1/2) were similar for the 30-
and 100-mg/kg/day dosing schedules. There was no overt tox-
icity (i.e., clinical signs or body weight changes) observed with
mice given repeated oral ST-246 dosages of 100 mg/kg/day.
Pharmacokinetic parameters were also determined following
i.v. administration and indicated that the rate of systemic clear-
ance of ST-246 was low (data not shown). Consistent with the
low clearance rate, comparison of the AUC values after a
single i.v. dose (2 mg/kg) and p.o. dose (10 mg/kg) of ST-246
showed an absolute oral bioavailability of ST-246 of 31%. This
indicates that ST-246 was well absorbed and had good systemic
availability following oral suspension administration.

In vivo antiviral efficacy. Given that ST-246 was found to be
orally bioavailable and well tolerated by mice, the antiviral
efficacy of ST-246 was evaluated with several murine models of
orthopoxvirus disease. These models were designed to deter-
mine the potential of ST-246 for treating different aspects of
orthopoxvirus disease including local replication, systemic le-
sional disease, and lethal systemic infection. Compound dosing
regimens were selected to maximize compound exposure with-
out causing adverse effects.

Vaccinia virus lethal mouse model. ST-246 was tested for
antiviral activity in mice that were inoculated via the intranasal
route with vaccinia virus (Fig. 6). This route of infection re-

sulted in virus replication in tissues of the respiratory tract and
subsequent systemic spread to vital organs to produce lethal
disease. Thus, antiviral compounds that inhibit localized rep-
lication, as well as systemic spread, can be evaluated with this
model.

Weanling BALB/c mice were challenged with 4 � 105 PFU
(10� LD50) of vaccinia virus strain IHD-J delivered by intra-
nasal inoculation. Mice were treated with placebo (vehicle),
ST-246 administered by oral gavage at 50 mg/kg twice a day
(b.i.d.) for 14 days, or CDV administered as a single intraperi-
toneal (i.p.) injection at 100 mg/kg. Two additional groups of
mice, naı̈ve and scarified, were included as controls in this
study to assess the immune status of mice that survived infec-
tion as a result of compound treatment. Mice in the naı̈ve
group were left untreated, while mice in the scarified group

FIG. 6. The effects of ST-246 in a lethal intranasal vaccinia virus
challenge model. Mice (six animals per dose group) were inoculated on
day 0 with 4 � 105 PFU (10� LD50) of vaccinia virus strain IHD-J with
the exception of naı̈ve and scarified groups, which remained uninfected
and were used as controls to assess the immune status of animals that
survived initial viral challenge. Mice were treated with ST-246 at 50
mg/kg b.i.d. or with vehicle administered by gavage at 8-h intervals for
14 days. A control group of mice were treated with CDV at 100 mg/kg
administered by i.p. injection. The percent survival (A) or percent
starting body weight for each treatment condition (B) was plotted as a
function of days postinfection.

TABLE 2. Pharmacokinetic parameters of ST-246 in micea

Dosage
(mg/kg)

Tmax
(h)

Cmax
(�g/ml)

AUC (0–t)
(�g · h/ml) t1/2 (h)

30 2.7 32.5 284.2 2.5
100 1.0 62.2 287.6 2.5

a Mice were administered ST-246 by oral gavage. Plasma drug concentrations
were measured by LC-MS/MS over a 24-h time period. Tmax, time of maximal
concentration; Cmax, maximal concentration.
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received a sublethal dose of vaccinia virus strain Copenhagen,
which served as a vaccine against subsequent viral challenge.

Mice were monitored for disease symptoms and euthanized
when moribund. In mice treated with ST-246 or CDV, the
degree of weight loss, which was used as a measure of disease
progression, was less than that of placebo-treated mice, sug-
gesting that compound treatment reduced disease severity
(Fig. 6B). Moreover, mice treated with ST-246 or CDV sur-
vived the viral challenge, while placebo-treated mice suc-
cumbed to infection by day 6 postinfection (Fig. 6A). No evi-
dence of disease was observed 2 weeks after cessation of drug
therapy, indicating that virus was cleared and that ST-246 did
not simply suppress virus replication and delay disease onset.

To assess the immune status of mice that survived infection,
animals were inoculated with a lethal dose (10� LD50) of
vaccinia virus (IHD-J) on day 28 following the initial viral
challenge. The naı̈ve animal group succumbed to infection by
day 6 postinfection, while the scarified mouse group was resis-
tant to viral challenge. All compound-treated mice that sur-
vived infection were also resistant to subsequent viral chal-
lenge, suggesting that these animals had acquired protective
immunity (data not shown). Antibody titers specific for vac-
cinia virus L1R protein were measured by ELISA and were
found to be comparable between the ST-246 treatment group
and the scarified group (data not shown). The protective effect
observed with compound-treated mice is unlikely caused by the
presence of residual ST-246, since the terminal half-life of
compound in mice is 2.5 h and residual compound levels at 2
weeks postadministration would be expected to be below ther-
apeutic levels. These results suggest that ST-246-treated mice
mounted a protective immune response to vaccinia virus infec-
tion.

Ectromelia virus lethal mouse model. Ectromelia virus is a
natural orthopoxvirus of laboratory mice that causes a gener-
alized disease termed mousepox (13). Infection of mice with
ectromelia virus produces a primary viremia and systemic dis-
ease similar to smallpox infection in humans (13). The degree
of systemic spread can be quantified by measuring virus levels
in the liver and spleen.

A lethal ectromelia virus mouse model has been established
to evaluate the efficacy of antiviral compounds and was used to
measure the antiviral activity of ST-246 (8). Weanling A/NCr
mice were challenged by intranasal inoculation with a dose of
ectromelia virus that was 40,000 fold above the LD50. Mice
were treated with either placebo (vehicle) or ST-246 at 50
mg/kg b.i.d. for 14 days, administered by oral gavage. CDV was
administered as a single i.p. dose at 100 mg/kg and was used as
a positive control in this experiment. Mice were monitored for
disease symptoms and sacrificed when moribund. Mice treated
with ST-246 or CDV were protected from lethal ectromelia
virus challenge, while placebo-treated mice succumbed to in-
fection within 7 days postinfection (Table 3).

To measure ST-246 antiviral activity and to determine if
compound inhibited systemic virus spread, groups of five mice
were infected with ectromelia virus (100� LD50) and treated
with either placebo, ST-246, or CDV. Virus titers were mea-
sured in the liver, spleen, and lung of selected dose groups of
mice at 4, 6, and 8 days postinfection. In mice treated with
ST-246, virus titers in the liver, spleen, and lungs of infected
animals were below the limit of detection at day 8 postinfec-

tion, with the exception of one mouse where a low level (5 �
102 PFU/ml) of virus was detected in the spleen (Fig. 7). In
contrast, virus titers in liver, spleen, and lung tissue in placebo-
treated animals at day 8 postinfection were 6.3 � 107, 5.3 �
107, and 1.9 � 105 PFU/ml, respectively (Fig. 7). Virus titers in
liver, spleen, and lungs were also reduced below the limits of
detection in the presence of ST-246 at day 4 and 6 postinfec-
tion (data not shown). These results suggest that ST-246 in-
hibited systemic virus spread and protected mice from lethal
ectromelia virus infection.

Preliminary studies were conducted to determine the opti-
mal dose level and dosing duration that provided protective
efficacy against lethal ectromelia virus challenge. A/NCr mice
were infected with 100� LD50 of ectromelia virus delivered by
footpad inoculation and treated with placebo or ST-246 ad-
ministered at 10 and 50 mg/kg b.i.d. for 5 or 14 days postin-
fection. All mice treated for 14 days with either 10 mg/kg or 50
mg/kg of ST-246 were protected from lethal infection, while
approximately 80% of the mice treated for 5 days at 50 mg/kg
were protected from lethal virus infection (Table 4). These
results suggest that the optimal dosing duration is between 5
and 14 days postinfection and that the minimal amount of
compound that provides protection in this model is �10 mg/kg.

FIG. 7. The effects of ST-246 and CDV on virus titers in liver,
spleen, and lung at day 8 postinfection. A/NCr mice were inoculated
with 50 PFU (100� LD50) of ectromelia virus via intranasal adminis-
tration. CDV-treated mice were injected on day 0 with a single dose by
the intraperitoneal route. ST-246- or placebo-dosed mice were treated
by gavage on day 0 through day 14 at 8-h intervals and twice daily. At
day 8 postinfection, five mice in each group were sacrificed, and tissue
infectivity was measured in target organs by plaque assay.

TABLE 3. Effect of ST-246 on A/NCr mice infected with
ectromelia virus

Treatmenta

Effect

Mean time to
death (days)

Mortality at day
21 p.i.b

ST-246 0/5 (0)
CDV 0/5 (0)
Placebo 7.0 5/5 (100)

a Day 0, cages of mice (five mice/cage) were infected by the intranasal route
with 5 �l of ECTV at 40,000� LD50 dose at 
4 h after the first compound
treatment. ST-246 (50 mg/kg) or placebo was administered to mice by gavage (0.1
ml) on day 0 through day 14 at 8-h intervals and twice daily. CDV was admin-
istered as a single i.p. injection at 100 mg/kg.

b Values in parentheses are percent mortality.
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Vaccinia virus-mouse tail lesion model. ST-246 was tested
for antiviral activity in a tail lesion model designed to mimic
the primary viremic phase of virus infection and the systemic
lesional disease of smallpox and disseminated vaccinia. NMRI
mice (six mice per compound-treated groups and eight mice
per placebo-treated group) were inoculated via the tail vein
with 4 � 103 PFU per mouse of vaccinia virus. Mice were
treated with either placebo (vehicle) or ST-246 administered
by oral gavage at 15 mg/kg and 50 mg/kg b.i.d. for 5 days. Virus
replication was quantified at day 8 postinfection by counting
the number of vaccinia virus-induced tail lesions. Mice treated
with ST-246 showed a dose-dependent reduction in the num-
bers of tail lesions at day 8 postinfection relative to placebo-
treated control animals (Fig. 8). On average, animals treated
with ST-246 at 50 mg/kg had only 1% of the number of lesions
relative to the placebo-treated control group. These results
demonstrate that ST-246 can inhibit vaccinia virus-induced
lesion formation following i.v. viral inoculation.

DISCUSSION

ST-246 is a novel orally bioavailable antiviral compound that
is a potent and specific inhibitor of orthopoxvirus extracellular
virus formation which blocks virus spread in vitro and in vivo.
ST-246 was discovered during chemical optimization of an
initial “hit” that came from a high-throughput screen of
356,240 low-molecular-weight compounds that was designed to
identify inhibitors of vaccinia virus replication. Chemical opti-
mization of the initial hit increased metabolic stability and
improved antiviral potency decreasing the EC50 from 0.8 �M
for the initial hit to 0.01 �M for ST-246. This increase in
potency resulted in a compound that was �8,000-fold more
potent than CDV (EC50 	 80 �M) (Fig. 2). Moreover, ST-246
was active against a CDV-resistant strain of cowpox virus,
suggesting that the mechanism of virus inhibition is different
from that of CDV.

ST-246 was found to be active against multiple species of
orthopoxviruses, including two strains of variola virus, suggest-
ing that ST-246 inhibits a conserved viral target essential for
orthopoxvirus replication. The compound was inactive against
unrelated DNA- and RNA-containing viruses, demonstrating
specificity for inhibition of orthopoxvirus replication. These
results indicate that ST-246 is a potent and specific inhibitor of
a conserved target essential for orthopoxvirus replication.

Marker rescue of an ST-246-resistant cowpox virus variant
mapped the genetic locus that correlated with reduced com-
pound susceptibility to a single amino acid change within the

cowpox virus V061 gene. Changing this amino acid in the
wild-type cowpox virus genome resulted in a virus resistant to
ST-246, suggesting that the V061 gene product is the target of
ST-246 antiviral action. In support of this hypothesis, a vaccinia
virus recombinant in which the F13L gene (V061 homolog)
was deleted exhibited reduced susceptibility to ST-246 (G.
Yang et. al., unpublished data). Furthermore, this recombinant
produced small plaques and displayed a phenotype similar to
that of wild-type virus grown in the presence of compound.
Taken together, these results suggest that ST-246 targets the
cowpox virus V061 gene product.

Our current understanding of V061 function comes largely
from work conducted with vaccinia virus and the F13L gene

FIG. 8. The effects of ST-246 on vaccinia virus-induced tail lesion
formation. NMRI mice (eight mice per placebo-treated group and six
mice per compound-treated groups) were inoculated with 4,000 PFU
of vaccinia virus administered by tail vein injection. Mice received
placebo, ST-246 (50 mg/kg), or ST-246 (15 mg/kg) b.i.d. by gavage
starting at 2 h postinoculation and continuing for 5 days. CDV was
administered at 25 mg/kg as a single i.p. injection. Photographs of the
tail lesions in placebo and ST-246 50-mg/kg dose groups at day 8
postinfection are shown. Lesions for all dose groups were quantified at
day 8 postinfection (graph). The error bars represent the standard
deviation of the mean lesion number.

TABLE 4. Optimal dosing parameters for ST-246 antiviral efficacy
in A/NCr mice

Treatmenta Duration
(days)

Drug dose
(mg/kg)

Day of
death, range

Mean time to
death � SD

Mortality at
day 21 p.i.b

Placebo 14 7–8 7.8 � 0.5 10/10 (100)
ST-246 14 10 0/10 (0)
ST-246 5 50 11–18 14.5 � 4.9 2/10 (20)
ST-246 14 50 0/10 (0)

a On day 0, mice were inoculated in the left rear footpad with 25 PFU of
ECTV virus in 25 �l (
100� LD50). At 1 h postinfection, mice were dosed with
ST-246 or placebo by gavage twice daily for the indicated duration.

b Values in parentheses are percent mortality.

13146 YANG ET AL. J. VIROL.



homolog. Vaccinia virus F13L encodes a highly conserved 37-
kDa peripheral membrane protein that plays a central role in
the envelopment of IMV particles to produce an egress-com-
petent form of virus particle (4, 21). The p37-dependent mem-
brane-wrapping activity requires a conserved histidine-lysine-
aspartate (HKD) phospholipase motif (19, 33, 38). Vaccinia
virus recombinants with changes at the conserved K and D
residues exhibited defects in IMV wrapping, alterations in in-
tracellular localization, and inhibition of extracellular particle
formation (19, 33). This result suggests that phospholipase
activity is important for F13L function. Indeed, purified p37
has been shown to have broad-spectrum lipase activity; treat-
ment of infected cells with butanol-1, a known inhibitor of
phospholipase D activity, inhibited vaccinia virus plaque for-
mation (2, 19). The role of lipase activity in p37 function is
unclear but may involve p37-induced membrane alterations,
since transfection studies have shown that deletion of the HKD
motif inhibited the formation of p37-induced vesicles (19.
These results suggest that F13L phospholipase activity plays a
central role in F13L function and is required for p37-specific
extracellular particle production.

F13L colocalizes to the trans Golgi, plasma and endosomal
membranes (20). The protein shuttles between these various
compartments through a clathrin-mediated endosomal path-
way (20). Golgi colocalization and intracellular trafficking re-
quires palmitylation of a cysteine residue at position 185 within
F13L, as well as the HKD phospholipase motif (16, 33).
Changing this cysteine residue to alanine alters the intracellu-

lar distribution of p37 (16). Moreover, virus variants expressing
this mutated F13L allele produce small plaques and reduced
levels of extracellular virus, suggesting that palmitylation
and/or intracellular distribution of F13L is essential for activity
(16).

The intracellular distribution of F13L is also affected by N1-
isonicotinoly-N2-3-methyl-4-chlorobenzoylhydrazine (IMCBH), a
pharmacological inhibitor of orthopoxvirus replication that is
active in cell culture (22). Like ST-246, IMCBH targets F13L
and inhibits extracellular virus particle formation in cell cul-
ture; however, IMCBH is not active in vivo (18, 22, 29, 34). In
the presence of IMCBH, F13L is redistributed to the cyto-
plasm, reminiscent of the phenotype observed in cells infected
with vaccinia virus variants containing a C185A change (18).
ST-246 was also found to cause changes in the intracellular
localization of F13L (G. Yang and Y. Chen, unpublished ob-
servations). The phenotype of IMCBH-resistant variants was
mapped to a single Asp-to-Tyr change at amino acid position
280 within the F13L gene (34). This change is located in the
vicinity of the glycine-to-cysteine change at position 277 in the
CPX V061 gene that correlates with resistance to ST-246. This
region of F13L is highly conserved among orthopoxviruses
(Fig. 9). Thus, two compounds with divergent chemical struc-
tures appear to target F13L and alter intracellular distribution.
The mechanism by which ST-246 alters F13L intracellular lo-
calization and inhibits F13L activity is currently under investi-
gation.

Extracellular virus particles are responsible for efficient cell-

FIG. 9. A sequence comparison of F13L orthologs. (A) Graphic representation of F13L, illustrating the location of known sites of palmitoyl-
ation, resistance to the antiviral compounds ST-246 (G277C) and IMCBH (D280Y), and an HKD phospholipase motif implicated in F13L
function. (B) Amino acid sequence comparison of F13L orthologs from amino acid positions 245 to 305 showing the sequence conservation
surrounding the sites of resistance to ST-246 (amino acid position 277) and IMCBH (amino acid position 280), identified by asterisks. The shaded
amino acids at positions 250 and 291 indicate deviations from the consensus sequence.
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to-cell spread and long range dissemination of vaccinia virus
(35). Virus variants containing defects in genes required for
production of extracellular virus particles produce small
plaques and are attenuated for virus spread (35). ST-246 treat-
ment of infected cells generates a similar phenotype; in the
presence of compound, plaque formation and virus-induced
cytopathic effects are inhibited. Furthermore, in single-round
virus growth assays, ST-246 treatment reduced extracellular
virus production by 10 fold without affecting production of
intracellular virus, suggesting that ST-246 inhibits virus egress
(Fig. 4). Consistent with this hypothesis, a recombinant vac-
cinia virus that lacks functional F13L shows a dramatic reduc-
tion in the amount of extracellular virus formed during pro-
ductive infection of cultured cells (4). Taken together, these
results suggest that ST-246 inhibits F13L activity and prevents
the formation of extracellular virus.

Extracellular virus particles are essential for systemic virus
spread in the host and play an important role in viral patho-
genesis (28). Virus strains that produce higher proportions of
extracellular virus particles as part of the infection cycle are
more virulent in mice, with the exception of strain WR, which
has been adapted to replicate in mouse brain tissue and is
likely more neurovirulent (28). Virus variants defective in ex-
tracellular virus particle production are attenuated for repli-
cation in mice (11, 42). Moreover, vaccines derived from ex-
tracellular virus antigens are completely protective in a
rabbitpox model of orthopoxvirus infection, suggesting that
these particles play a significant role in disease progression (5).
Given the role of extracellular virus in pathogenesis, therapeu-
tics like ST-246 that target extracellular virus particle produc-
tion would be expected to provide complete protection against
systemic orthopoxvirus disease. Indeed, this concept was vali-
dated in a recent report describing the antiviral effects of a
cancer therapeutic, CI-1033, which inhibits the cellular ty-
rosine kinase Erb-1 (40). Erb-1 is one of several host kinases
recruited by vaccinia virus to sites of actin tail assembly and is
involved in release of extracellular virus from infected-cell
membranes (14). At concentrations 200 fold above the 50%
inhibitory concentration for inhibition of Erb-1 activity, CI-
1033 reduced plaque size in cell culture and virus titers in mice
infected with vaccinia virus (40). While CI-1033 has demon-
strated antiviral activity, this compound targets cellular en-
zymes involved in cell growth and has the potential for toxic
side effects. Indeed, CI-1033 has been shown to increase cyto-
toxicity of compounds by inhibiting drug efflux in cell culture
(12).

ST-246 targets a specific viral enzyme with no known human
homolog and thus is highly specific for orthopoxvirus replica-
tion. Oral administration of ST-246 protected mice from chal-
lenge with 40,000 times the LD50 of ectromelia virus. In addi-
tion, ST-246 reduced ectromelia virus titers in lung, liver, and
spleens of infected mice by at least 5 orders of magnitude
relative to placebo-treated mice, suggesting that ST-246 was
efficient at inhibiting systemic virus spread. While ST-246 is
highly active, maximal protective effect required 14 days of
dosing, with 5-day dosing periods protecting 80% of the mice
from lethal viral challenge. Similarly, 5-day dosing with ST-246
at 50 mg/kg b.i.d. reduced virus titers in liver but failed to
protect mice from lethal cowpox virus infection (J. W. Huggins,
unpublished data).

The requirement for extended dosing durations for protec-
tive efficacy is consistent with a compound that targets a viru-
lence factor. Unlike CDV, which accumulates inside cells and
appears to target virus replication, ST-246 inhibits virus spread
by targeting an enzyme involved in extracellular virus forma-
tion. Thus, maximum therapeutic benefit requires the contin-
ued presence of ST-246 to inhibit virus spread and allow the
host immune response to clear the infection. While host im-
munity is important for protective efficacy, ST-246 has been
shown to inhibit virus replication with the same efficiency as
CDV in athymic (nu/nu) mice, suggesting that T-cell immunity
is not critical for compound efficacy (J. Neyts et al., unpub-
lished data). By targeting a virulence factor, ST-246 reduces
disease progression without diminishing development of pro-
tective immunity. Indeed, mice that survived infection as a
result of ST-246 treatment were resistant to subsequent chal-
lenge with a lethal dose of virus. Taken together, these results
validate F13L as an antiviral target and demonstrate that an
inhibitor of extracellular virus production can protect mice
from lethal orthopoxvirus infection. The fact that ST-246 is
orally bioavailable, well tolerated, and active against a highly
conserved orthopoxvirus target makes this compound a strong
candidate for development as a smallpox antiviral drug that
could be stockpiled as part of the Strategic National Stockpile
for use in treatment and prevention of smallpox virus infection
in the event of a bioterrorist attack.
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